Detection thresholds for gaps and overlaps, that is acoustic and perceived silences and stretches of overlapping speech in speaker changes, were determined. Subliminal gaps and overlaps were categorized as no-gap-no-overlaps. The established gap and overlap detection thresholds both corresponded to the duration of a long vowel, or about 120 ms. These detection thresholds are valuable for mapping the perceptual speaker change categories gaps, overlaps, and no-gap-no-overlaps into the acoustic domain. Furthermore, the detection thresholds allow generation and understanding of gaps, overlaps, and no-gap-no-overlaps in human-like spoken dialogue systems.
I. INTRODUCTION
This study deals with acoustic properties of transitions from one speaker to another in conversations-speaker changes. Theoretically, there are three possible ways of organizing a speaker change: there may be silence inbetween; there may be overlapping speech; or there may be neither silence nor overlap. In their seminal paper proposing a model for turn-taking organization. Sacks, Schegloff, and Jefferson (1974) distinguished between lapses (longer or extended silences), gaps (shorter silences), overlaps (overlapping speech), and no-gaps-no-overlaps (with neither silence nor overlap) in speaker changes to cover these possibilities.
To understand and use the Sacks et al. (1974) model of turn-taking organization, it is important to remember that this model was based on auditory analyses of conversational data and not on acoustic analyses. That is, their lapses, gaps, and overlaps are speaker changes where silences or overlaps are perceived, while the no-gaps-no-overlaps are speaker changes where neither silence nor overlap is perceived. In the following, the terms gap, overlap, and no-gap-no-overlap will be used for the perceived speaker change categories, whereas acoustic silences and acoustic overlaps will be used for the acoustic realization.
What we do or do not perceive, however, does not always correspond to presence or absence of an acoustic or physical property. For example, in terms of speaker changes, there are numerous observations that there might be an acoustic silence in a speaker change where no gap is perceived (e.g., Beattie and Barnard, 1979; Jefferson, 1984; Schegloff, 2000) . Walker and Trimboli (1982) furthermore estimated that the duration threshold for detection (i.e., perception) of acoustic silence in a speaker change lies in the interval between 200 and 300 ms. As far as the present writer knows, there are no corresponding estimates of the duration of acoustic overlap required to detect an overlap, but there is certainly the possibility that short intervals of overlapping speech may not be noticed as overlaps. Importantly, this also means that what is perceived as a no-gap-no-overlap is not necessarily equivalent to a speaker change with literally zero acoustic silence and zero acoustic overlap.
The interest in different types of speaker changes stems from a long-term ambition in our research group to learn enough about human face-to-face interaction that we are able to create an artificial conversational partner, that is, human-like (e.g., Edlund et al., 2008) , or as Cassell (2007) puts it, "acts human enough that we respond to it as we respond to another human." Producing "credible-as-human" speaker changes, as well as understanding human conversational behavior in speaker changes, are both important abilities for such an artificial conversational partner. As Sacks et al. (1974) , as well as the Conversation Analysis (CA) community at large, consider the distinctions between lapses, gaps, overlaps, and no-gaps-no-overlaps relevant for describing auditory impressions of human conversational behavior, it is most likely that an artificial conversational partner would benefit from making the same distinctions. Establishing a mapping from acoustic realization of speaker changes to how they are perceived is one step in this direction. However, exploring the potential benefits of modeling these categories in an artificial conversational partner is beyond the scope of the present paper.
In this study, the aim is to establish the acoustic intervals corresponding to noticeable gaps and overlaps, as well as to delimit the acoustic interval of not noticeable gaps or overlaps-the no-gap-no-overlaps. In other words, the aim is to translate the speaker changes in the Sacks et al. (1974) model of turn-taking organization into the acoustic domain. (Note, however, that no distinction between gaps and lapses is made in the current work.) This translation is done by replicating the psychophysical experiment of the duration threshold for detection of acoustic silences by Walker and Trimboli (1982) , combined with a similar experiment to determine the threshold for detection of acoustic overlaps. In addition, the results of the experiments (i.e., the detection thresholds) are related to published between-speaker interval durations to determine the relative frequencies of (perceived) gaps, overlaps, and no-gap-no-overlaps in spontaneous conversation. a) Author to whom correspondence should be addressed. Electronic mail:
heldner@kth.se
II. MATERIALS AND METHODS
The speech material used in the experiment-the speaker change stimuli-was drawn from spontaneous two-party faceto-face conversations in Swedish recorded with close-talking microphones within the Spontal project . The Spontal corpus consists of 120 half-hour sessions and each recording is formally divided into three consecutive 10-min blocks. For simplicity, all stimuli were extracted from the first 10-min block of two such conversations: one between two women and the other between two men.
The following procedures were used to select and extract the stimuli used in the experiment. First, the individual speaker channels were segmented into intervals of speech and silence using the Praat command "To TextGrid (silences)…" (Boersma and Weenink, 2010) with manually determined silence thresholds; a minimum silent interval duration of 200 ms; a minimum sounding interval duration of 100 ms; and a frame step of 8 ms as input parameters. Next, speaker changes (with acoustic silences as well as acoustic overlaps) were identified by means of the computational model of interaction described in Heldner and Edlund (2010) . Briefly, this interaction model combines the speechversus-silence segmentations in the two individual speaker channels to identify intervals of single-speaker speech for each speaker; intervals of joint silence; and intervals of joint speech. Speaker changes were defined as intervals of joint silence or joint speech preceded and followed by single-speaker speech by different speakers. The durations of these joint silences and overlaps were also calculated using information from the interaction model. Subsequently, these speaker changes were extracted in a context beginning with the onset of single-speaker speech before the speaker change (i.e., following silence or overlapping speech) and ending with the offset of single-speaker speech after the speaker change. This resulted in 231 candidate speaker change stimuli with acoustic silences and 73 with acoustic overlaps. Subsequently, a set of 70 (35 þ 35) stimuli were manually selected among the candidates to obtain a sampling of acoustic silences between 5 and 400 ms and of overlapping speech between 5 and 400 ms. The duration of the 70 selected stimuli varied between 0.6 and 6.5 s (mean 2.6 s. standard deviation 1.3 s). Finally, the original twochannel recordings were collapsed into one-channel sound files to avoid potential influences of dichotic presentation, such as right-ear advantages to verbal stimulus (e.g., Kimura, 1961) . Note that no distinction was made between different types of dialogue acts in the interaction model. Therefore, the stimuli set contained speaker changes where either the first-or second-speaker speech activity could be classified as a backchannel (Yngve, 1970) , as well as speaker changes where both contributions could be classified as turns.
These stimuli were presented and the listener responses were collected by means of a Praat Multiple Forced Choice listening experiment (Boersma and Weenink, 2010) . The audio was presented via high quality headphones (Sennheiser HD 600). The instructions were presented verbally by the experimenter, as well as in writing on a screen.
As a background to the experiment, it was explained to the subjects that from an acoustic point of view, there are three possible ways of organizing a speaker change: (i) the second speaker starts after a period of silence (that may include audible exhalations or inhalations); (ii) the second speaker starts before the first speaker has finished-in overlap; or (iii) the second speaker starts exactly at the point in time when the first speaker finishes. Furthermore, the instructions explicated that it is not evident that all measurable acoustic silences or overlaps in conversations are also noticeable by the human ear and that the purpose of the experiment was to determine which silences and overlaps in speaker changes are noticeable and which ones are not.
The subjects were told that their task was to indicate whether they perceived acoustic silences (possibly including breathing noises) or not, in one set of stimuli by choosing one of two buttons on the screen, and then, whether they perceived acoustic overlaps or not in another set. Thus, the task included two binary forced choices: presence versus absence of silence and presence versus absence of overlap. There were no practice trials. Each stimulus was played once. The order of presentation was randomized individually for each subject. Twenty-five subjects (9 women and 16 men; age span 32 to 75 years) representative of the population present at the Department of Speech, Music and Hearing at KTH on a normal day (thus including several professional or semiprofessional musicians), volunteered to participate in the experiment. They were tested individually. The experiment took approximately 15 minutes. The subjects were not paid for their services.
To arrive at the detection thresholds for gaps and overlaps, the collected listener responses were related to the measured durations of acoustic silences and overlaps in the speaker change stimuli. Detection (or absolute) thresholds are often defined as the lowest intensity that a person can detect 50% of the time (e.g., Gescheider, 1997) . Here, a similar definition was adopted based on the estimated probability of detection given the duration of acoustic silence or overlapping speech in the speaker change. The detection threshold was defined as the duration at which the estimated probability equals 0.5.
A binary logistic regression procedure with forward selection of variables based on likelihood ratio was used to estimate the probability of detection given the duration of the acoustic silence (or the overlapping speech) for the individual subjects. Gaps and overlaps were analyzed separately. The outcome variable was the binary listener responses (coded as 1 for perceived presence and 0 for perceived absence). The independent variable (or covariate) was the duration of the acoustic silence or overlap. The significance of the coefficients was assessed with a likelihood ratio test and subjects for which the independent variable was not significantly related to the outcome variable were excluded from further analyses. The adequacy of the remaining individual models was evaluated using the Hosmer-Lemeshow test which is a test for goodness of fit for logistic regression models (Hosmer and Lemeshow, 2000) .
Subsequently, individual detection thresholds for gaps and overlaps were determined. For a logistic regression model with one independent variable, the detection threshold can be calculated by dividing the negative of the constant of the logistic regression model (i.e., the value of Y for X ¼ 0) by the regression (or slope) coefficient (e.g., Hamilton, 1992, p. 246) . Following this step, subjects with negative (and thus unrealistic) detection thresholds were also excluded from further analyses. Finally, for comparison, detection thresholds were determined for the group of remaining subjects, as well as for the whole group of 25 subjects.
III. RESULTS

A. Detection thresholds
The likelihood ratio tests in the logistic regression analyses for the individual subjects indicated that the duration of the acoustic silence was not significantly (p > 0.05) related to the probability of detection of a gap in the results from five of the subjects (three men and two women). (Nonsignificant relationships can arise in several ways, for example, if the responses always indicate presence of a gap, or when they appear to be the product of random guessing.) These results were excluded from further analysis. For the remaining 20 subjects, the likelihood ratio tests indicated that models including duration as a predictor were significantly different from models including the intercept only: v 2 [degrees of freedom (DF) ¼ 1] ranged from 4.5 to 21.7; p < 0.05. Hosmer-Lemeshow goodness-of-fit tests furthermore showed that these models described the data adequately and that the overall fit was good: v 2 (DF ¼ 7) ranged from 1.1 to 12.7; p ranged from 0.08 to 0.99 (where large values of v 2 and small values of p indicate a lack of fit of the model, and where p < 0.05 is considered a poor fit).
A scatter plot of the proportion of "correct" detections (i.e., correct relative to presence of acoustic silence, irrespective of its duration) versus the duration of the acoustic silence for the remaining 20 subjects is shown in the left panel of Fig. 1 . This figure gives a clear indication that the number of "correct" detections is correlated with the duration of the silence. As noted above, however, the detection thresholds were determined by identifying the silence duration at which the estimated probability given by the logistic regression equaled 0.5.
The individual detection thresholds for gaps ranged from 58 to 204 ms (median 115, mean 122 ms, standard deviation 40 ms). The estimated probability of detection given the duration of the acoustic silence (from a logistic regression analysis) from these 20 subjects to determine the detection threshold for the group as a whole is shown in the right panel of Fig. 1 . The group detection threshold for acoustic silences was 126 ms (or 112 ms if all 25 subjects were included).
Similarly, the likelihood ratio tests for overlaps indicated that the duration of the acoustic overlap was not significantly (p > 0.05) related to the probability of detecting an overlap in six of the subjects (three men and three women), and these were excluded from further analyses. Another two subjects (two women) were also excluded because the analyses indicated negative detection thresholds. For the remaining 17 subjects, the likelihood ratio tests indicated that models including overlap duration as a predictor were significantly different from models including the intercept only: v 2 (DF ¼ 1) ranged from 4.6 to 20.2; p < 0.05. Hosmer-Lemeshow goodness-of-fit tests furthermore showed that these models described the data adequately: v 2 (DF ¼ 7) ranged from 1.8 to 12.2; p ranged from 0.10 to 0.97 (where p < 0.05 is considered a poor fit).
A scatter plot of the proportion of "correct" detections for acoustic overlaps for the 17 subjects versus the duration of the overlap is shown in the left panel of Fig. 2 . For these subjects, the individual detection thresholds ranged from 23 to 259 ms (median 118, mean 124 ms, standard deviation 63 ms). The corresponding group detection threshold for overlaps (shown in the right panel of Fig. 2 ) was 123 ms (or 103 ms of all 25 subjects were included).
To summarize the results, there was a substantial individual variation in the detection thresholds for gaps and overlaps. Furthermore, the duration of the acoustic silence or overlap did not contribute significantly in predicting perceived gaps and overlaps in some of the subjects. For the subjects where duration was a significant factor, however, the central tendency for the individual detection thresholds, as well as the group detection thresholds, were all on the order of about 120 ms for both gaps and overlaps.
FIG. 1. Gaps. Scatter plot of the proportion "correct" detections (i.e., correct relative to presence of acoustic silence) for the 20 subjects included in the analyses versus the duration of the acoustic silence (left panel). Estimated probability of detection given the duration of acoustic silence (from a logistic regression analysis) used to determine the group detection threshold for gaps (right panel). The detection threshold is the duration at which the estimated probability equals 0.5.
B. Distribution of gaps, overlaps and no-gap-nooverlaps
The acoustic silence and overlap detection thresholds established above can also be viewed as speaker change category boundaries delimiting the perceived categories gaps and overlaps from no-gap-no-overlaps. Gaps, then, are acoustic silences whose duration exceeds 120 ms; overlaps are acoustic overlaps longer than 120 ms; and no-gap-nooverlaps are speaker changes with less than 120 ms silence and less than 120 ms overlap. A reanalysis of distributions of acoustic silence and overlap durations in speaker changes in Swedish, Dutch, and Scottish English spontaneous conversations from a previous study (Heldner and Edlund, 2010) using these categories is shown in Table I .
Similarly, Table II shows the distribution of the perceived categories gaps, overlaps, and no-gaps-no-overlaps estimated from data in a recent study on response times (negative response times ¼ overlaps; positive response times ¼ gaps) in sequences of yes-no questions and responses in ten different languages; N ¼ 350 per language (Stivers et al., 2009, cf. Table S3) . This study reports different measures of central tendency and variability for response times, but no cumulative distributions, for which reason a direct comparison with the present study is not possible. However, if we assume that their data was normally distributed (disregarding the observation that the distributions were "slightly skewed to the right"), the distribution of the speaker change categories can be approximated from the published means and standard deviations. Table II shows such an estimation.
These analyses revealed that if we assume language independent detection thresholds for acoustic silences and overlaps, there are apparent similarities between the languages. The most frequent type of speaker change in all of the 13 language samples is a gap. Furthermore, the overlap category is the second most frequent in the majority of the samples (12 out of 13 samples, including the 3 larger are more heterogeneous samples in Table I ). Consequently, no-gap-no-overlap is the least frequent category in the majority of the samples (12 out of 13 samples). Still, this no-gap-no-overlap category represents a non-negligible fraction (11.7 to 24.9%) of the speaker changes in the different language samples.
In addition, there appear to be similarities among members of language groups. The Germanic languages (with the possible exception of Danish), for example, show a striking similarity with respect to the percentages of different speaker change categories. In spite of the many similarities, there are also substantial differences between the languages.
IV. DISCUSSION
This experiment shows that the probability that a subject overhearing a conversation (or simply not speaking in a general multiparty conversation) perceives a gap or an overlap   FIG. 2 . Overlaps. Scatter plot of the proportion "correct" detections (i.e., correct relative to presence of acoustic overlap) for the 17 subjects included in the analyses versus the duration of the acoustic overlap (left panel). Estimated probability of detection given the duration of acoustic overlap (from a logistic regression analysis) used to determine the group detection threshold for overlaps (right panel). The detection threshold is the duration at which the estimated probability equals 0.5. TABLE I. Distribution of perceived speaker change categories. Percentages of gaps, overlaps, no-gap-no-overlaps, and the total number of speaker changes (N) in the Swedish Map Task Corpus (Swedish), in the Spoken Dutch Corpus (Dutch), and in the HCRC Map Task Corpus (Scottish English). This is a reanalysis of gap and overlap durations in Heldner and Edlund (2010 is dependent on the duration of these intervals for a majority of the subjects in the experiment, such that intervals with long duration are perceived more often than those with short duration. Furthermore, reasonable detection thresholds below which gaps or overlaps are not perceived can be established for most subjects with this psychophysical experiment. There is substantial variation in the individual detection thresholds, however, people are not equally sensitive and it is an interesting observation that the lowest individual detection thresholds (at least for overlaps) were established for the subjects who are active musicians. Presumably, it is possible to increase the sensitivity through practice. There is also considerable variation between the different stimuli indicating that although the duration of the acoustic silence or overlap interval is a significant factor, it is likely not the only factor involved, and furthermore that the experiment may have introduced some degree of measurement error. Nevertheless, a certain duration of acoustic silence is required for a gap to be perceived in a speaker change, and similarly there is a minimum period of overlapping speech below which no overlap is perceived in a speaker change. The estimated detection thresholds for the group of subjects are about 120 ms for both gaps and overlaps. It is interesting to note that both detection thresholds are on the order of the duration of one long vowel.
The detection threshold for gaps is clearly below the 200-300 ms interval reported by Walker and Trimboli (1982) , but it is difficult to assess the significance of this difference as the temporal resolution in that study was considerably lower. Furthermore, the detection threshold for gaps appears to be lower than previous more impressionistic observations of speaker changes where the silence goes unnoticed, including "unmarked next position" onset (Jefferson, 1984) , speaker changes with "normal value of the transition space" (Schegloff, 2000) , or "smooth transitions" (e.g., Beattie and Barnard, 1979) , which have all been quantified as roughly one syllable. Interestingly, the detection threshold for gaps is also below published minimal response times for reacting to a stimulus with a vocal response (cf. Fry, 1975; Izdebski and Shipp, 1978; Shipp et al., 1984) .
The detection threshold for overlaps is, to the best of the author's knowledge, a novel contribution. Given the detection thresholds for gaps and overlaps, there is also a non-negligible interval ranging from about 120 ms of overlapping speech to 120 ms of silence, which is likely perceived as a no-gap-no-overlap in the terminology of Sacks et al. (1974) .
The proportion of excluded subjects was fairly high both in the gap and in the overlap parts of the experiment and there is no definite explanation for this. It may have been that the task was less than straightforward: after all, the subjects were in some sense told to indicate when they detected the presence of absence of acoustic activity in the first part of the experiment. While this may be a normal task for someone trained in transcribing conversational data, it is probably not the kind of information participants or overhearers of a conversation normally attend to. Also, some of the excluded subjects reported that they had probably misunderstood the task after participating in the experiment, for example, by interpreting silence as a place where the speaker had finished what he or she was going to, say, or by understanding overlap as a place where the speaker was interrupted.
The distribution of the different speaker change categories (delimited by detection thresholds for acoustic silences and overlaps) in the different language samples indicates that the timing of turn-taking is less precise and more distributed than is often claimed (e.g., Jefferson, 1973; Levinson, 1983; de Ruiter et al., 2006; Stivers et al., 2009) . Speaker changes are not characterized by transitions with zero acoustic silence and overlap. Instead, the most frequent speaker change categories are those that deviate from no-gap-nooverlap and one-speaker-at-a-time: gaps and overlaps (see also Heldner and Edlund, 2010) . Overall, these two categories represent more than four fifths of all speaker changes in this data. Consequently, if the hypothesized force acting to minimize gap and overlap (e.g., Sacks et al., 1974) at all exists, it is not as strong as is sometimes reported (e.g., Jefferson, 1973) . Interestingly, this interpretation of results is the direct opposite of that reached by Stivers et al. (2009) , who, based on the location of the mode of the distribution of response time data concluded that "turn-taking in informal conversation is universally organized so as to minimize gap and overlap […]" (Stivers et al., 2009) . Clearly, this view is only tenable if you ignore the fact that response times are distributed.
Nevertheless, all three categories are frequent enough to be considered as distinct and meaningful types of speaker changes. The least frequent category, the no-gap-no-overlaps represent a little less than one fifth of all speaker changes. The fourth type of speaker change in the Sacks et al. (1974) model-the lapses-described as having longer (or extended) silences, if present in the material, would by definition be included in the gaps. This distinction separating lapses from gaps is left for future research.
From a speech technology point-of-view, the detection thresholds provide a mapping from acoustic realization to perception, which among other things allows making a distinction between the perceptual categories gaps, no-gap-nooverlaps, and overlaps, in human-like spoken dialogue systems. These thresholds could also inform the width of the "no score" collar used in the Diarization "Who Spoke When" task within the NIST Rich Transcription Meeting Recognition Evaluations (e.g., Fiscus et al., 2008) .
V. CONCLUSIONS
This study has determined the detection (or absolute) thresholds for gaps (i.e., acoustic silence) and overlaps (i.e., overlapping speech) in speaker changes in a psychophysical detection experiment. Both the gap and the overlap thresholds corresponded to the duration of one long vowel of about 120 ms. Speaker changes with subliminal gaps or overlaps were classified as a no-gap-no-overlap category.
The determined thresholds were argued to be useful for mapping the perceived speaker change categories gaps, overlaps and no-gap-no-overlaps in the Sacks et al. (1974) model into the acoustic domain. Not only does this mapping from perception to acoustic properties help the understanding of the Sacks et al. model in relation to acoustic data, it is also a first step toward implementing these speaker change categories in human-like spoken dialogue systems.
Furthermore, the analysis of distributions of durations of between-speaker intervals (i.e., including gaps as well as overlaps) in terms of speaker change categories delimited by these detection thresholds indicated first that turn-taking is less precise than is often claimed. There is no avoidance of gaps and overlaps: these are the most frequent categories. Second, the analyses showed that gaps, overlaps, and nogap-no-overlaps are all frequent enough to be considered as distinct and meaningful types of speaker change and to be modeled as distinct categories in spoken dialogue systems.
